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The world is currently undergoing an unprecedented decline in
biodiversity, which is mainly attributable to human activities. For
instance, nonnative species introduction, combined with the
extirpation of native species, affects biodiversity patterns, notably
by increasing the similarity among species assemblages. This
biodiversity change, called taxonomic homogenization, has rarely
been assessed at the world scale. Here, we fill this gap by
assessing the current homogenization status of one of the most
diverse vertebrate groups (i.e., freshwater fishes) at global and
regional scales. We demonstrate that current homogenization of
the freshwater fish faunas is still low at the world scale (0.5%) but
reaches substantial levels (up to 10%) in some highly invaded river
basins from the Nearctic and Palearctic realms. In these realms
experiencing high changes, nonnative species introductions rather
than native species extirpations drive taxonomic homogenization.
Our results suggest that the “Homogocene era” is not yet the case
for freshwater fish fauna at the worldwide scale. However, the
distressingly high level of homogenization noted for some biogeo-
graphical realms stresses the need for further understanding of
the ecological consequences of homogenization processes.
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Human activities affect both abiotic (e.g., global warming,
pollution) and biotic (e.g., overexploitation, species in-
troduction) components of ecosystems (1-3). Anthropogenic
stressors are responsible for changes in species assemblages
through two complementary processes: extirpations and intro-
ductions (4). The resulting taxonomic changes affect both the
number of species in each locality (a-diversity) and the similarity
in species composition among localities (p-diversity). Although
the way extirpations and introductions affect a-diversity patterns
has been fairly well documented at the world scale (5, 6), their
effect on p-diversity remains little known. However, local and
regional studies report that introduced species can increase the
taxonomic similarity of assemblages in terms of species compo-
sition (i.e., decreased f-diversity), a process called taxonomic
homogenization (7-10). Taxonomic homogenization is a crucial
component of the current biodiversity crisis throughout the
world (11-15) because it may open the door to a new era that has
been called the “Homogocene” or “New Pangea” (16). The end
point of the Homogocene era is characterized by a planet where
all previously independent regions become linked by human
activities, lose their taxonomic distinctiveness, and share a com-
mon and uniform pool of species, which might lead to reduced
resistance and resilience of ecosystems to perturbations (14, 16).
Although local to regional measurements of change in taxo-
nomic similarity caused by human activities have been made (8-
10), empirical assessment of worldwide change in taxonomic
similarity is scarce (cf. 17). Here, we use a global database on
freshwater fish occurrences to measure historical and current
taxonomic similarity of fish faunas at the world, realm, and river

www.pnas.org/cgi/doi/10.1073/pnas.1107614108

basin scales. We show that until now, the increase of taxonomic
similarity (i.e., taxonomic homogenization) has been extremely
low at the world scale but has reached substantial levels for
highly invaded realms, such as the Nearctic and Palearctic, es-
pecially in some of their river basins.

We used a global database on historical and current fresh-
water fish occurrences over 1,054 river basins (6). These changes
in species composition are largely attributable to human activi-
ties (6, 18, 19) and have mainly occurred during the past 2 cen-
turies (20-22). We computed Jaccard’s similarity between each
pair of river basins for historical and current fauna composition
9, 23).

At the world scale, we analyzed the distribution of pairwise
taxonomic similarity for all basin pairs over the world for his-
torical and current situations. Similarly, at the realm scale, we
analyzed, for each of the six biogeographical realms, the distri-
bution of pairwise similarity for all basin pairs belonging to the
same realm. For these two scales of analysis, we additionally
quantified historical and current taxonomic uniqueness as the
proportion of basin pairs having no species in common at the
realm and global scales (9).

In addition to assessing changes at the world and realm scales,
we studied changes in taxonomic similarity at the basin scale by
measuring the change in the average taxonomic similarity be-
tween each river basin and all the other basins belonging to the
same realm, such that we obtained a single score of change in
taxonomic similarity for each river basin. We tested the signifi-
cance of the change observed in mean taxonomic similarity for
each river basin against the null hypothesis that species in-
troduction and extirpation were random processes independent
of species identity (Methods).

Results and Discussion

The Palearctic and Nearctic realms are the two most invaded
realms (Fig. 1, Fig. 24, and Table 1), with a mean of six and four
nonnative species per basin, respectively, contrasting with the
Afrotropical and Neotropical realms, where, on average, only
two nonnative species have been introduced per basin (Fig. 24).
Extirpations were less frequent than introductions, with, on av-
erage, less than one species extirpated per basin (Fig. 2B). The
number of species shared by two basins has increased slightly at
the world scale and for most realms (i.e., less than 0.5 additional
shared species; Fig. 2C), although the increase is higher for the
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Fig. 1. Patterns of nonnative species introductions in the six realms. (A)
Distribution of the number of nonnative species in basins. (B) Percentage of
occurrence of nonnative species in each realm. The vertical dashed line
separates nonnative species that have been introduced in only one basin
(Right) from nonnative species that have been introduced in at least two
basins (Left).

Nearctic and Palearctic realms (i.e., up to 2 additional shared
species; Fig. 2C).

Following species introductions and extirpations, uniqueness
has decreased by 13% at the global scale (i.e., from a historical
value of 81% to a current value of 68%) and by less than 7% in
all realms except the Nearctic and Palearctic, which showed
a 15% drop and a 9% drop, respectively (Fig. 34). Historical
pairwise taxonomic similarity across basins was low in the six
realms (mean < 10%; Fig. 3B). Mean taxonomic similarity has
increased over the past 2 centuries by less than 0.3% in the
Afrotropical, Australian, Neotropical, and Oriental realms (Fig.
3B). In contrast, it increased by 1.1% in the Nearctic and 0.6% in
the Palearctic (Fig. 3B). At the global scale, mean taxonomic
similarity has increased by only 0.5%.

18004 | www.pnas.org/cgi/doi/10.1073/pnas.1107614108

w 71
Ay 1
Q
26
]
257
g -
g 4
=
g 3
=
=]
5 2]
£
=1
=
0
= o w = o
T &8 § 8 8 8 %
& £ 3 & &2 B e
g 2 ¢ g5 ° B
z < =z
BmT'
o
@ 61
o
0
©T 54
[7]
2
m
o 4
e
g
@ 3
i
=]
5 2]
£
:1 R
G P==T T o I
0,

" & 2 ® ® £ =
g £ B £ E B B
& &£ g & 2 § =
s B 2 £ & 2
: 2 * 8 £
z z
C
2
@
o
n 54
°
2
g 47
£
(]
c 31
&
g 27
]
51
o
% § 8 ® E & =
g £ B £ E B B
8 8 § 58 8 § 2
s B 2 £ &5 2
6 3 Z B ©
s < 5] a
< =z

Fig. 2. Changes in fish assemblage structure induced by human activities
across biogeographical regions and at the world scale. The number of
nonnative species introduced per river basin (A), number of native species
extirpated per river basin (B), and increase in the number of species shared
by river basin pairs between the historical and the current situations (C) are
shown. The historical situation indicates assemblages before introductions
and extirpations attributable to human activities and corresponds to the
preindustrial period. The current situation indicates today’s assemblages
(native species — extirpated species + nonnative species). Values are mean
(+SEM) over basins from each biogeographical realm or over all the basins
considered at the world scale. SEM bars, although present in the figure, are
sometimes not visible because of their low value.

These patterns were confirmed by the analysis of comple-
mentary distribution parameters (Table 2). For instance, the
median value of pairwise taxonomic similarity remains low
(<0.2%) at the world scale and for the Afrotropical, Neotropical,
and Oriental realms. In contrast, for the Nearctic and Palearctic
realms, the median values increased by 2.56% and 0.99%,
respectively (Table 2). For all six realms, the distribution became
less right-skewed and less peaked (Table 2), confirming the
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Table 1.

No. No. species occurring  Translocated

Number of native, nonnative, extirpated, and threatened species at the realm and world scales

No. species Species No. Threatened species

No. native in basins outside their ~ nonnative  encountering at least evaluated by threatened among species

basins species native range* species, % one extirpation the IUCN, % species evaluated, %
Afrotropical 109 2,333 44 59 29 40 237 25
Australian 179 404 52 37 4 19 30 40
Nearctic 207 694 224 79 47 23 96 60
Neotropical 155 3,900 70 61 11 2 35 43
Oriental 59 1,606 56 48 27 3 24 56
Palearctic 345 1,011 169 82 29 25 110 44
World 1,054 9,722 444 75" 145 16 524 35

IUCN, International Union for Conservation of Nature.

*Translocated species (nonnative species introduced in river basins belonging to a realm where they are present as native) and exotic species (nonnative

species introduced in a realm where they are not present as native).

TOnly 25% (111 species) have been introduced in at least one realm where they historically did not occur.

tendency toward a loss of uniqueness and an increase in taxo-
nomic similarity. Nevertheless, it is noteworthy that the pro-
portion of basin pairs becoming less similar (i.e., experiencing
taxonomic differentiation) exceeds 17% in the six realms (Fig.
3C). In the Afrotropical and Neotropical realms, more than 70%
of basin pairs have not experienced change in their taxonomic
similarity and more than half of the remaining basin pairs ex-
perienced taxonomic differentiation (Fig. 3C). Furthermore, the
two realms with the highest frequency of differentiation (25.4%
in the Nearctic and 27.3% in the Palearctic) are also those where
homogenization is the most frequent (36% and 28%, respect-
ively; Fig. 3C).

Overall, these results indicate a weak homogenization at the
global and realm scales, although it is stronger in the Nearctic
and Palearctic. Previous studies at the regional scale reported
a greater increase of taxonomic similarity (i.e., 7-20%) over a
wide range of plant and animal phyla, which led to the fore-
cast of a similarly high increase of taxonomic similarity at the
global scale (7, 9, 11, 17, 18, 24, 25). Our results are in contrast
to this last idea, because in our study, the taxonomic similarity
of fish faunas remains largely unchanged at the world scale
(i.e., 0.5%).

Analyses at the basin scale confirmed the trends observed at
the world and realm scales. Indeed, taxonomic homogenization
occurred in most of the basins, even though a few displayed
differentiation (Fig. 4 A and B). The null model revealed that
most of the homogenizations observed are significantly higher
than expected, except in the Afrotropical and Neotropical realms
(Fig. 4 C and D). Likewise, most of the differentiations are of
lower magnitude than expected. This is the case for the basins
of Western Europe (Fig. 4 C and D); given the high number of
nonnative species they received, if nonnative species intro-
duction had been random, the intensity of differentiation would
have been higher than observed.

Finally, using generalized least squares models, we showed
that the factor primarily correlating with change in mean tax-
onomic similarity per river basin is the number of nonnative
species introduced (Table 3): The higher the nonnative species
richness, the greater is the increase in mean taxonomic simi-
larity. This positive relationship also varies according to the
historical taxonomic similarity as well as the historical number
of native species (significant interactions terms in Table 3).
Specifically, these interactions indicate that the increase in
taxonomic similarity with species richness is more marked for
basins with historically low native richness and low taxonomic
similarity.

Overall, human preference for a small number of species and
the resulting uneven frequency of introduction of nonnative
species (Fig. 1B) either caused taxonomic homogenization or at
least mitigated the intensity of taxonomic differentiation. These
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changes in B-diversity are roughly consistent with the global
distribution of nonnative fish richness (a-diversity) (6). Of the six
introduction hotspots defined by Leprieur et al. (6), five have
experienced marked taxonomic homogenization, namely, the
Pacific Coast of North and Central America, southern South
America, central Eurasia, South Africa and Madagascar, south-
ern Australia, and New Zealand (Fig. 44). This confirms that
nonnative species are responsible for changes in both a- and
B-diversity, a trend also confirmed by the strong contribution of
the nonnative species to the change in taxonomic similarity
(Table 3). The last introduction hotspot, Western and Southern
Europe, exhibits a particular pattern because of differentiation in
some basins (Fig. 4 A and B), even though the overall Western
and Southern European trend is toward homogenization. This
trend was consistent with previous regional studies showing that
nonnative species identity (exotic or translocated) can have an
opposite effect on change in taxonomic similarity (11). It should,
however, be noted that although we detected a general trend
toward homogenization at global, regional, and basin scales
(Figs. 3 and 4), the homogenization strength remained lower
than that reported in the literature (7, 9, 11, 17, 18, 24, 295),
testifying that the Homogocene or New Pangea era (16) is still
not the case for most of the earth’s freshwater fish faunas.
However, the relatively high levels of homogenization and dif-
ferentiation noted for the Palearctic and Nearctic realms in-
dicate a need for a better understanding of the ecological
consequences of human alterations in p-diversity.

Even though policies have been implemented to prevent new
introductions, we should be aware that the increase of global
exchanges will certainly promote new introductions through
ballast water, fish farming, and the aquarium trade (6, 22, 26, 27).
In this context, predicting consecutive future changes in taxo-
nomic similarity is a challenging issue because the identity of the
future nonnative species may either induce taxonomic homoge-
nization or differentiation (11, 28). In addition, the impact of
nonnative species introductions on ecosystem functioning has
been mostly addressed through species-centered approaches on
a limited number of invasive species (29), whereas the ecological
consequences of taxonomic homogenization remain largely un-
known to date (cf. 13, 14, 30). Forthcoming studies should
therefore focus on assessing how changes in p-diversity affect
ecological and evolutionary processes from local to global scales
(31). Based on our results, we appeal for studies to focus on the
areas that experience high homogenization trends. Because most
of these areas are also recognized as gathering a high number of
threatened species and facing a large range of human-induced
physical disturbances (3, 6), local and detailed studies are ur-
gently needed to decide whether it is appropriate or not to set up
efficient control, remediation, and eradication procedures (32).
In addition to ecological concerns, further studies are needed to
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Fig. 3. Changes in taxonomic uniqueness and taxonomic similarity among
fish faunas between historical and current situations for the six realms and
at the world scale. The taxonomic uniqueness (percentage of river basin
pairs sharing no species) (A), mean taxonomic similarity between pairs of
river basins (measured using Jaccard'’s similarity index) (B), and proportion of
river basin pairs showing taxonomic homogenization (“h,” red), no changes
(0", white) or taxonomic differentiation (“d,” blue) between historical and
current situations (C) are shown. The historical situation indicates assemb-
lages before introductions and extirpations attributable to human activities
and corresponds to the preindustrial period. The current situation indicates
today's assemblages (native species — extirpated species + nonnative species).

answer societal questions, such as how taxonomic homogeniza-
tion will modify our perception of biodiversity through the loss of
cultural landmarks.

Methods

Database. We used a uniquely comprehensive database of six freshwater fish
species distributions (available at http:/data.freshwaterbiodiversity.eu). It
contains freshwater fish species lists from 1,054 river basins scattered
throughout the world covering more than 80% of the earth’s continental
surface. For each of the 39,704 occurrences of 9,722 fish species, the native,

18006 | www.pnas.org/cgi/doi/10.1073/pnas.1107614108

Table 2. Distribution parameters of pairwise taxonomic
similarity among river basins in the six biogeographical realms
and at the world scale for the historical and current situations

Median, % Skewness Kurtosis
Afrotropical Historical 0 3.31 14.8
Current 0 2.89 10.0
Australian Historical 0 3.1 10.3
Current 0 2.96 9.7
Nearctic Historical 1.32 2.64 8.1
Current 3.88 2.46 7.4
Neotropical Historical 0 4,55 26.8
Current 0.16 4.19 22.1
Oriental Historical 0 4.06 17.7
Current 0 1.00 17.4
Palearctic Historical 2.04 2.75 8.6
Current 3.03 2.55 7.4
World Historical 0 6.35 50.4
Current 0 5.68 42.0

The historical situation indicates assemblages before introductions and
extirpations attributable to human activities and corresponds to the prein-
dustrial period. The current situation indicates today’s assemblages (native
species — extirpated species + nonnative species).

extirpated, or established nonnative (i.e., nonnative species occurrences
attributable only to human stocking were not considered) status is given.
We studied changes in taxonomic similarity among fish assemblages at the
world scale and in the six biogeographical realms: Afrotropical, Australian
(including Oceania), Nearctic, Neotropical, Oriental, and Palearctic. Con-
sidering realms independently was motivated by their distinct history,
fauna, and human activities (5, 6). A basin scale analysis was also per-
formed to visualize how introductions and extirpations affect taxonomic
similarity in each basin compared with all the basins belonging to the
same realm.

Measuring Change in Taxonomic Similarity. We assessed how the change in
Jaccard’s similarity before and after species introductions and extirpa-
tions affected the taxonomic composition of assemblages (9, 23). Jac-

card’s taxonomic similarity index (TS)) is as follows: TS, = , where

a
athic
a is the number of species shared by two assemblages and b and c are
the number of species present only in the first and second assemblages,
respectively. TS, equals zero when the two assemblages share no
species (@ = 0) and equals unity when they have identical species com-
position (b = ¢ = 0).

For each pair of river basins (i.e., pair of fish assemblages), taxonomic
similarity was computed for “historical” and “current” species composition.
Historical refers to the past fauna with only native species, and thus roughly
corresponds to the preindustrial period (i.e., before the 18th century), be-
cause industrialization and associated goods exchanges are recognized as
the main driver of the introduction of fish (as well as of other animals)
mainly for aquaculture, fishing, and ornamental purposes (6). Current refers
to present fauna with the nonnative species and without the native ones
that have been extirpated.

We investigated changes in taxonomic similarity at three complementary
scales (11). At the global scale, we studied the change in the distribution of
taxonomic similarity values obtained for all basin pairs over the world from
the historical situation to the current situation, using four parameters
(mean, median, skewness, and kurtosis). We also computed the proportion
of basin pairs that show homogenization (i.e., a rise in taxonomic similarity
between the historical situation and the current situation) or differentiation
(i.e., a decline in taxonomic similarity between the historical situation and
the current situation).

For each of the six biogeographical realms, we conducted the same
analyses by only considering changes in taxonomic similarity between pairs of
basins belonging to the same realm.

For these two scales, we additionally quantified historical and current
taxonomic uniqueness as the proportion of basin pairs having no species in
common over realm and global extents, respectively (9).

The two latter approaches summarize taxonomic similarity over large
extents but do not permit us to evaluate changes at the basin scale. We hence

Villéger et al.
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Fig. 4. World maps showing the mean change in taxonomic similarity between each basin and the other basins belonging to the same realm
(6TSp). The direction and intensity of change from the historical situation to the current situation (A) and the proportion of basins in each class of 675,
per realm (B) are shown. (C) Significance of the observed taxonomic homogenization or taxonomic differentiation against a null model testing random
native species extirpation and nonnative species introduction. The “+” symbol indicates that the changes observed in taxonomic similarity are signif-
icantly greater than expected under the null hypothesis (P > 0.975), whereas the “—" symbol indicates that the changes observed in taxonomic simi-
larity are significantly lower than expected under the null hypothesis (P < 0.025). ns indicates that the changes observed in taxonomic similarity are not
significantly different from the values expected under the null hypothesis. (D) Per realm proportion of basins in each level of significance of 6TSj.

designed a basin-scale approach by measuring the change in the average
pairwise taxonomic similarity between each river basin and all the other
basins belonging to the same realm (11).

We then used a spatial generalized least squares model to test the effect of
the realm to which the basin belongs, the historical taxonomic similarity, the
historical species richness, the number of nonnative species introduced, and

Table 3. Drivers of the observed change in mean taxonomic
similarity from the historical situation to the current situation in
the 1,054 basins

Coefficients

(+SE) df F value P value
Historical 45x%x 1073 1, 1048 23 0.13
taxonomic (+6.8 x 1073)
similarity
Historical 93 x 107 1, 1048 04 0.55
species (+3.5 x 1079)
richness
No. nonnative 22x 1073 1, 1048 1,247.2 <0.001
species introduced (7.5 x 107°)
Historical taxonomic -9.8x 1073 1, 1048 125.1 <0.001
similarity x no. (+8.2 x 107%)
nonnative species
introduced
Historical species -4.2 %107 1, 1048 90.1 <0.001
richness x no. (+4.4 x 1077)

nonnative species
introduced

An AlC-based selection (cutoff: AAIC = 4) was computed on all the gen-
eralized least squares models accounting for all the possible pairwise inter-
actions between five factors: historical taxonomic similarity, historical species
richness, number of native species extirpated, number of nonnative species
introduced, and identity of the realm to which the basin belongs. The best
model is presented. It has an AIC of —7,256.

Villéger et al.

the number of native species extirpated in each basin on the mean changes in
similarity calculated for each basin. We consider a full model, including all
simple terms as well as all two-term interactions. The model was simplified by
investigating change in the Akaike information criterion (AIC) after removing
terms one by one. We conserved and interpreted the model that displayed
the lowest AIC.

Testing Observed Changes in Taxonomic Similarity at the River Basin Scale. We
tested the significance of the observed change in mean taxonomic similarity
for each river basin against the null hypothesis that species introduction and
extirpation were random processes. To this aim, for each river basin, starting
from historical fish species composition, we computed current composition by
randomly deleting the observed number of extirpated species and then
randomly adding the current observed number of nonnative species. The
simulated extirpated species were randomly drawn among the pool of native
species listed as vulnerable by the International Union for Conservation of
Nature (33) in the realm to which the focal basin belongs (Table 1). The
nonnative species added were randomly drawn among the pool of non-
native species in the realm to which the basin belongs (Table 1). This pro-
cedure ensures that the observed current species richness is kept constant
during the random process while preventing unrealistic introductions or
extirpations.

The procedure was carried out 999 times for each river basin. For each
iteration, the mean taxonomic similarity with the other river basins from the
same realm was computed and was then compared with the historical value
to provide simulated change in taxonomic similarity. The value observed was
finally compared with the distribution of these simulated values to provide
a P value for each river basin. A P value lower than 0.025 indicated a change
in taxonomic similarity significantly lower than expected under the null
hypothesis, whereas a P value greater than 0.975 indicated a change in
taxonomic similarity significantly higher than expected.
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